Ablation of the hindlimb area of the sensorimotor cortex produces degeneration in the cortex (invasive traumatic injury) and leads to retrograde and/or anterograde degeneration in the thalamus (non-invasive injury, distal reaction). This provides an useful model to study the proliferation and elimination of microglia/macrophages in different neurodegenerative conditions. Changes in the morphology, distribution and numbers of microglia in the affected cortex and thalamus were analyzed at various time points (12 h to 30 days) after injury. In parallel, proliferation was determined by immunocytochemistry for the proliferating cell nuclear antigen and cell death by the TUNEL method. Proliferation was an early event in the microglia/macrophage response (from 12 h in the cortex and from 2 days post-lesion in the thalamus) and persisted up to 30 days. The different microglia/macrophage phenotypes proliferated in a specific temporospatial pattern. In the lesioned cortex, early activation and proliferation of intrinsic microglia was accompanied, from the second post-lesion day, by monocyte entrance and proliferation of monocyte-derived cells. In contrast, accumulation of cells in the thalamus resulted from proliferation of intrinsic microglia, without apparent/significant monocytic recruitment. During the subsequent microglia/macrophages removal the majority of the cells in the cortex transformed into ameboid cells devoid of cell processes that progressively accumulated as fully-developed macrophages tissue within the lesion (3-14 days) ultimately migrating out to the meningeal connective tissue (14-30 days). Only some process-bearing cells, remaining in the cortical tissue bordering the lesion, underwent degeneration by 14-21 days post-lesion. In contrast, in the distal affected thalamic nuclei, microglial cell death occurred by 14-30 days post-lesion. Altogether, this study shows that both the origin and fate of microglia/ macrophages depend on the nature of the lesion.
INTRODUCTION M
ICROGLIA found in the mature central nervous system (CNS), the so-called intrinsic or resting microglia, constitute a population of specialized, resident macrophages that are characterized by their rapid activation and response to pathological changes in the CNS (Kreutzberg, 1996) . Cell debris, cytokines and serum components gaining access to the brain through a damaged blood-brain barrier have been implicated as microglial activators (Chamak and Mallat, 1991; Lassmann et al., 1991; Benveniste, 1992; Nakajima and Kohsaka, 2001; Kadota et al., 2000; Lu et al., 2001) . The microglial response comprises reactive morphological changes as well as changes in their functional properties, including proliferation, phagocytosis, migration and release of cytokines (Thomas, 1992; Perry et al., 1995; Gehrmann and Kreutzberg, 1995; Giulian, 1995) . However, the response of microglia has been found to be extremely diverse and it is known that the intensity and type of activating signals from the damaged tissue condition the degree and characteristics of the microglial response. Accordingly, when different phagocytic signals and diverse cytokines and immunoactivators are tested experimentally, they elicit microglial morphological changes, surface marker expression, chemotaxis, proliferation and cytokine or neurotoxin release (Giulian and Corpuz, 1993; Giulian, 1995) . Moreover, resident microglia are not the only phagocytes in CNS lesions, since monocytes invade the damaged brain tissue and transform into macrophages in a number of pathological conditions (Perry and Andersson, 1992; Lawson, 1995) .
Although microglial activation is a common feature in CNS lesions, the precise pattern of the microglial response depends largely on the nature of the lesion. In turn, as microglial activation occurs early and products released by activated microglia influence neighboring cells, the microglial response is considered to be a key factor conditioning the evolution of the lesioned tissue (Thomas, 1992; Giulian et al., 1994) . Microglia are the primary source of cytotoxins in the CNS and they also play a role in wound healing and tissue remodeling (Giulian et al., 1989; Banati et al., 1993; Minghetti and Levi, 1998) . Reactive proliferation and subsequent accumulation of microglia is fundamental to improve both the efficiency in removal of cell debris and the production of cytokines. However, the time course and lesion-type specificities of proliferative activity of the microglia/ macrophage response is not well understood. In addition, there is little information about the fate of microglia/ macrophages after disease or injury in the CNS.
In the present study, we investigated the time course of microglia/macrophage activation and proliferation as well as the subsequent fate of these cells, including putative apoptotic cell death, in a lesion model involving primary traumatic lesion in the cortex (invasive injury, acute inflammatory conditions) and distal retrograde and/or anterograde degeneration in the thalamus (noninvasive distal reaction). The relationships between the temporospatial pattern of neurodegeneration and the specific pattern and dynamics of the microglia/ macrophage response in the different damaged areas are discussed.
MATERIAL AND METHODS

Animals, Surgery, and Histological Processing
Long Evans black-hooded adult male rats obtained from the UAB Animal Center, weighing 250 g, were used. Animals were anaesthetized with sodium pentobarbital (50 mg/kg) and placed in a stereotaxic frame. The temporoparietal region of the head was shaved and the scalp was incised in an area overlying the midline of the skull. The right parietal bone was carefully perforated using a microdrill and the hindlimb (HL) area of the right sensorimotor cortex was removed by aspiration using a 1.5-mm needle connected to a vacuum pump. Tissue was aspirated at a depth of 0.4 mm in two different sites, with the following stereotaxic coordinates (in relation to bregma): (1) 1.80 mm anterior, 2.4 mm lateral; and (2) 2.80 mm anterior, 2.6 mm lateral (Paxinos and Watson, 1986) . As a consequence of the aspiration lesion, the complete HL area of the sensorimotor cortex and bordering portions of the surrounding cortex were removed unilaterally (Fig. 1A) . The extent of the lesion was confirmed by histological analysis.
After survival times of 12 h, 1, 2, 3, 5, 7, 14, 21, and 30 days, rats were anaesthetized with sodium pentobarbital (50 mg/kg) and transcardially perfused with Bouin's fixative (5 rats/age group). Brains were immediately removed and immersed in the same fixative for 4 h. Brains were embedded in paraffin, and series of 10-mm-thick coronal sections were obtained using a microtome. Series of paraffin sections were either processed for tomato lectin histochemistry to visualize microglia/ macrophages, processed for the demonstration of the proliferating cell nuclear antigen (PCNA) to visualize proliferating cells or for TUNEL to visualize degenerating cells. Moreover, double staining combining PCNA or TUNEL and tomato lectin was performed.
Experimental animal work was conducted in compliance with the Spanish legislation and according to the European Union directives on this subject. All efforts were made to minimize animal suffering.
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Tomato Lectin Histochemistry
To visualize microglia/macrophages, sections were processed for tomato lectin histochemistry (Acarin et al., 1994) . Briefly, endogenous peroxidase activity was blocked with 2% hydrogen peroxide in 100% methanol for 10 min. Sections were then rinsed in Tris-buffered saline containing 1% Triton X-100 (TBS-T), and incubated overnight at 4°C with biotinylated tomato lectin (Lycopersicon esculentum; Sigma L-9389) diluted to 10 mg/mL in TBS-T. Sections were rinsed and incubated for 1 hour at room temperature (RT) with avidin peroxidase (Sigma, A-3151) in a 1:400 dilution in TBS-T. After rinsing, the peroxidase reaction was visualized by incubating the sections in 100 mL of TBS containing 50 mg of 3,39-diaminobenzidine-4HCl (DAB) and 33 mL of hydrogen peroxide for 5 min.
Immunocytochemistry
To detect proliferating cells, immunohistochemical detection of the proliferating cell nuclear antigen (PCNA) was performed as previously described (Vela Hernandez et al., 1997) . Sections were rinsed in TBS, and the endogenous peroxidase was blocked. Sections were rinsed again, treated with 10% fetal calf serum (FCS) in TBS-T for 30 min, and incubated overnight at 4°C with the mouse monoclonal anti-PCNA (Dakopatts, M0879) antibody diluted to 1:100 in TBS-T containing 10% FCS. After rinsing, sections were incubated at RT for 1 h with anti-mouse IgG-biotinylated (Amersham, RPN-1001) in a 1:200 dilution, rinsed again, and incubated for 1 h at RT with streptavidin-peroxidase (Dakopatts, P364) in a 1:400 dilution. Finally, sections were rinsed in TBS, and the peroxidase reaction visualized. The same procedure, but using rabbit anti-GFAP (Dakopatts) diluted 1:200 as a primary antibody and anti-rabbit IgG-biotinylated (Amersham) in a 1:200 dilution as a link antibody, was performed for GFAP immunocytochemistry.
TUNEL Technique
The TUNEL technique was carried out in accordance with the method of Gavrieli et al. (1992) , as previously described (Vela et al., 1996) . Sections were placed for 5 min in 10 mM Tris-HCl, pH 8, treated for 15 min at RT with proteinase K (Boehringer Mannheim) diluted to 20 mg/ml in Tris-HCl to strip nuclear proteins, and rinsed. After blocking endogenous peroxidase, sections were transferred for 10 min to reaction buffer (30 mM TrisHCl, 140 mM sodium cacodylate, 1 mM cobalt chloride), pH 7.2, and incubated for 25 min at 37°C in reaction buffer containing 0.3 unit/ml terminal deoxynucleotidyl transferase (Boehringer Mannheim) and 20 mM biotiny- lated 16-dUTP (Boehringer Mannheim) in a moist chamber. The enzymatic reaction was stopped by rinsing twice for 10 min in saline sodium citrate buffer. After rinsing in TBS, sections were treated with 10% FCS in TBS-T for 30 min and incubated for 60 min at RT with a 1:600 dilution of avidin-peroxidase (Sigma, A-3151) in TBS-T. Finally, sections were rinsed in TBS, and the peroxidase reaction visualized.
Double Labeling
Simultaneous visualization of proliferating or degenerating cells and microglia/macrophages or astrocytes was achieved through the sequential combination of PCNA immunocytochemistry or TUNEL histochemistry and tomato lectin histochemistry or GFAP immunocytochemistry in paraffin sections (Vela et al., 1996; Vela Hernandez et al., 1997) . For this purpose, the peroxidase reaction in sections processed either for PCNA or TUNEL was developed using the glucose oxidase-DAB method with metal intensification (Shu et al., 1988) . Briefly, sections were rinsed with 0.1 M acetate buffer (pH 6.0) and incubated for 8 min in 150 mL of 0.1 M acetate buffer (pH 6.0) containing 3.6 g of nickel sulfate, 0.3 g of D-glucose, 60 mg of ammonium chloride, 30 mg of DAB, and 4 mg of glucose oxidase. Sections were then rinsed, and the peroxidase was blocked. Finally, tomato lectin histochemistry or GFAP immunocytochemistry VELA ET AL. was carried out as described above, using the standard DAB method. The double technique allowed the simultaneous visualization of PCNA-and TUNEL-positive nuclei in black and tomato lectin-positive and GFAP-positive cells in brown.
Quantitative Analysis
The quantitative study was carried out in order to determine the density of microglia/macrophages (tomato lectin-positive cells), proliferating cells (PCNA positive nuclei) and proliferating microglia/macrophages (double PCNA/tomato lectin-positive cells). Paraffin sections (10-mm-thick) processed for double PCNA/tomato lectin staining were used for quantification. Density values were obtained by counting labeled cells within square fields of 250 mm by 250 mm with the aid of a drawing tube, using a 403 objective. Counts were made in randomly selected fields within selected affected areas in the cortex and thalamus. Four animals per age, six sections per animal and three fields per area were analyzed.
In order to determine statistical differences, analysis of variance (ANOVA) and Scheffé test was performed at the 95% significance level taking into account the effect of two variables: post-lesion time (from 12 h to 30 days) and location (different cortical areas and thalamic nuclei).
RESULTS
Control animals showed no signs of neuronal degeneration. Proliferating cells showing nuclear PCNA immunostaining were scarce, and only the subventricular zone showed significant numbers of PCNA-positive cells. Tomato lectin-positive microglia in control brains displayed the characteristic stellate ramified appearance of the mature or resting microglial cells in the adult CNS (Lawson et al., 1990; Vela et al., 1995) . In contrast, in lesioned animals, there were obvious signs of neuronal degeneration, and microglia/macrophages showed reactive morphology and hyperplasia, both in the lesioned cortex and in some thalamic nuclei of the lesioned hemisphere. However, the pattern and time course of the microglia/macrophage response differed markedly when cortex and thalamus were compared.
Routine Histology
Cortex. Aspirated tissue corresponded to the HL area and bordering portions of the right sensorimotor cortex. The aspiration lesion produced a cavity of approximately 2.5 mm antero-posterior, of 1.5 mm lateral, and of whole cortical thickness (deep), but did not extend down to the corpus callosum (Fig. 1B) . As a result of the cortical HL ablation, neuronal degeneration was found in the surrounding forelimb area (FL; rostrally), secondary occipital cortex (Oc2M and Oc2L; caudally), primary frontal cortex (Fr1; medially), and parietal cortex (Par1; laterally). For the study of the lesioned cortex, we have distinguished two regions: the interior of the lesion (IL; corresponding to the primary central cavity) and the lesion border (LB; corresponding to the area bordering the primary central cavity, where secondary or delayed neuronal death occurs). At 12-24 h post-lesion, the IL appeared as a hemorrhagic cavity containing heterogeneous debris whereas the LB showed tissue disintegration and contained numerous degenerating cells ( Fig. 2A) . From post-lesion day 2 to 3, we observed abundant mitotic figures and perivascular infiltrates in LB (Fig. 2B) . As a result, at post-lesion days 5-7, the LB showed abundant glial cells and a marked reduction in the number of neurons. At this time point, the IL and adjacent meninges became a very cellular connective tissue containing abundant macrophages (Fig. 2C,D) . From 14 days, the number of cells in the LB neuropil and in the connective tissue in IL and meninges progressively decreased (Fig. 2E,F ) and, at 30 days, the brain tissue in LB showed similar glial cell numbers to the contralateral cortex (except in the glial scar lining the IL central cavity) and the IL was fully occupied by a wide subarachnoid space (Fig. 2G) .
Thalamus. Gliosis was consistently observed in some nuclei located in the hemisphere ipsilateral to the lesion: laterodorsal (LD), lateroposterior (LP), zona incerta (ZI), posterior (Po), and ventral posterolateral (VPL), but neuron depletion was only constantly found in some thalamic areas: the dorsal third of Po, the lateral half of VPL and the ventroposterior region of LD (Fig. 1C) . Other neighboring thalamic nuclei showed no or very subtle signs of involvement. Cells showing nuclear pyknosis were first evidenced at 3 days ( Fig. 3A) and were abundant from 5 to 7 days post-lesion in Po, LD, and VPL (Fig. 3B) . From 14 days, gliosis and a reduction in the number of neurons were clearly observed (Fig. 3C ). This corresponded with a remarkable reduction of AChE staining in the retrogradely degenerating areas in Po, LD, and VPL (Fig. 3D,E) . At 30 days post-lesion, gliosis and reduced levels of AChE staining were only found in these nuclei, particularly in specific places in Po (Fig. 3F) . In contrast, normal or slightly increased AChE staining was found in the neighboring nuclei.
Microglia/Macrophage Response
Cortex. At 12 h post-lesion, the majority of the microglia appeared as resting ramified microglia; however, some microglial cells located in LB already showed a reactive morphology (enlargement of the cell body and retraction of cell processes) (Fig. 4A) . At 24 h, all microglia located in the LB showed reactive features. At 2 days post-lesion, the number of cells from the microglia/ macrophage lineage increased (Fig. 5A ) and images suggestive of monocyte extravasation were frequently observed in LB (Fig. 4B ) as well as in the adjacent meninges. By this time, ameboid cells were first found and were frequently observed in the perivascular parenchyma (Fig. 4B ) or in a subpial location in LB. Some ameboid cells were also found in IL. By 3 days, ameboid cells progressively accumulated in the lesion edge (Fig. 4C ) and, at 5-7 days post-lesion, the LB neuropil mostly contained reactive ramified microglia, ameboid cells being scarce and concentrated at the IL-LB interface (Fig. 4D) . This reduction in the number of ameboid cells in LB was accompanied by an increase in the number of ameboid cells and macrophages filled with lipid droplets in IL (Figs. 4E and 5A ). Monocyte entrance from blood vessels occurred at very reduced levels at day 5 and was not observed from day 7. From 14 to 21 days, the number of microglia/macrophages progressively decreased in both the LB neuropil and the connective tissue in IL (Fig. 5A) . The LB contained decreasing numbers of reactive ramified microglia and no ameboid cells or monocytes were found. In IL and meninges, we observed decreasing numbers of macrophages within subarachnoid cavities (Fig. 4F) . At 30 days, the number and morphology of microglia in LB were not significantly different from the control and the IL was essentially devoid of macrophages.
Thalamus. In contrast to the cortex, tomato lectin-positive cells in the thalamus were all process-bearing microglia and no cells resembling monocytes, ameboid cells or macrophages were found at any time. Reactive microglial cells were found in Po, VPL, LD, LP, and ZI, and at a lesser extent in other neighboring thalamic nuclei including VPM, CL, and Rt. Morphological signs of reactivity were very subtle at 2 days post-lesion (Fig.  4G ), but were evident from 3 days (Fig. 4H) . From 5 days post-lesion, the density of microglia was significantly increased when compared to earlier time points and reached a maximum at 14 days in most thalamic nuclei (Fig. 5B) . The Po (dorsal part), VPL (lateral part), and LD (ventroposterior part) nuclei, thalamic areas in which degeneration of neuronal bodies took place, exhibited the highest degree of microglial reactivity (Fig.  4I-K) . In these retrogradely degenerating areas, clusters formed by two or more microglial cells in close apposition and occasional cells resembling giant multinucleated cells were observed from the 5th to the 14th postlesion day (Fig. 4I,K) . From 14 to 30 days post-lesion, the number of microglia progressively decreased, although reactive cells were still seen and the number of microglia was still above control values at 30 days postlesion (Fig. 5B) .
PCNA Expression
The mean densities of PCNA-positive microglia/ macrophages compared to the density of microglia/ macrophages and total PCNA-positive cells are shown in Figures 5 and 6 , respectively.
Cortex. Most microglia, even those showing no apparent reactive changes, were already PCNA-positive at 12 h post-lesion in LB (Figs. 4A and 5A ). During the first 3 post-lesion days, PCNA-positive microglia/ macrophages became progressively more abundant in LB VELA ET AL. (Figs. 5A) . Process-bearing microglia expressed PCNA during this period, but from the 2nd post-lesion day, when monocyte extravasation occurs, PCNA-positive monocytes and ameboid cells were frequently found in LB (Fig. 4B,C) . Some monocytes that still had not fully extravasated but were adhered to the luminal side of the endothelium also showed nuclear PCNA immunostaining (Fig. 4B) . In contrast, few cells expressed PCNA in IL during the first 3 post-lesion days (Figs. 5A and 6A) . At 5 days post-lesion, in accordance with the marked reduction in the number of microglia/macrophages in LB and the parallel increase in IL, the density of PCNA-positive cells from the microglia/macrophage lineage decreased in LB but increased in IL, reaching a maximum at 7 days post-lesion (Fig 5A) . By then, reactive microglia in LB and some ameboid cells at the IL-LB interface were positive for PCNA in the cortical neuropil (Fig. 4D) , whereas ameboid cells and macrophages expressed PCNA in IL (Fig. 4E) . From 14 days, the density of PCNA-positive cells markedly decreased (Fig. 6A) , and only some reactive microglia in the cortical LB neuropil and occasional macrophages in IL expressed PCNA (Fig.  4F) . At 30 days, few ramified microglia expressed PCNA in LB, near the lesion edge, but PCNA-positive cells were absent in IL. Microglia/macrophages accounted for the majority of PCNA-positive cells found in the lesioned cortex during the first two post-lesion weeks (Fig. 6A) . lectin histochemistry labels both microglia and endothelial cells), were invariably found at 2-3 days in LB. PCNA-positive astrocytes, visualized by double PCNA/ GFAP immunostaining, were first observed in significant numbers at 2 days, their number peaked at 7 days, and it decreased thereafter. Astrocytes represented the majority of PCNA-positive cells from 14 days in the cortex.
Thalamus. In the thalamus, PCNA expression by microglia was found in both retrogradely and anterogradely affected thalamic nuclei. PCNA-positive microglia were first seen at 24 h post-lesion (Fig. 5B) . Only a few microglial cells that showed the early features of reactivity expressed PCNA at this initial stage (Fig. 4G) . From 3 days, PCNA-positive microglia became more abundant (Fig. 4H) , and their numbers reached a maximum at 5-14 days, depending on the nuclei (Fig. 5B) . By then, PCNA expression was found in relation to reactive microglia (Fig. 4I,J) . The retrogradely degenerating LD, VPL, and Po nuclei reached the highest densities of PCNA-positive cells (Fig. 6B) , and clusters of reactive microglia found in these thalamic nuclei were positive for PCNA (Fig. 4I,K) . At 21 days post-lesion, the number of PCNApositive microglia markedly decreased and, at 30 days, VELA ET AL. significant PCNA expression by microglia in the thalamus was only found in Po (Figs. 5B and 6B). As in the cortex, microglia accounted for the majority of PCNApositive cells found in the thalamus during the first 2 postlesion weeks (Fig. 6B) , but other cells also expressed PCNA. In particular, PCNA-positive hypertrophied astrocytes were found in the affected thalamus (Fig. 4L) . They were first observed in significant numbers by 14 days, peaked at 21 days, and decreased afterwards. Astrocytes represented the majority of PCNA-positive cells from 21 days in the thalamus. No PCNA-positive vascular endothelial cells were found in the thalamus.
TUNEL Histochemistry
Cortex. TUNEL-positive nuclei were found scattered in the cortical LB neuropil surrounding the lesion cavity from 12 h post-lesion (Fig. 2H ). They were abundant by 2-7 days, but from 14 days post-lesion only occasional TUNEL-positive cells were found in LB. TUNEL-positive cells were not found in significant numbers in IL. Degenerating TUNEL-positive cells in LB did not aggregate into clusters, and they appeared as isolated cells mostly showing a dark nuclear staining. Cells displaying an incipient, peripheral nuclear or punctate nuclear, staining were also seen (Fig. 2I,J) . Frequently, apoptotic nuclei were surrounded by a light ring. During the first 2 post-lesion weeks, microglial cells were found very close to or surrounding (phagocytosing) TUNEL-positive cells in LB (Fig. 4M) , but no cells showing double TUNEL/tomato lectin labeling (degenerating microglia/macrophages) were found. By 14-21 days postlesion, when degenerating neurons have been removed already, some TUNEL-positive cells appeared in LB and were identified as ramified microglia showing no or subtle signs of reactivity (Fig. 4N) . No macrophages showing double TUNEL/tomato lectin staining were found in IL and meninges. In contrast to microglia, astrocytes were not found in the immediate vicinity of TUNEL-positive cells, and cells showing double TUNEL/GFAP labeling were scarce and uncommonly found.
Thalamus. TUNEL-positive cells were only regularly found in the dorsal third of Po, the lateral half of VPL, and the ventroposterior region of LD. As in the cortex, TUNEL-positive cells mostly appeared as isolated cells showing variable intensity in their nuclear staining. They were noticed as early at 3 days post-lesion, were abundant from 5 to 7 days post-lesion (Fig. 3G,H) , and their numbers decreased afterwards. Reactive microglia and clusters of reactive microglia were found in close vicinity to TUNEL-positive cells or engulfing them (Fig. 4O) . By 14-30 days post-lesion, when degenerating neurons had disappeared and the number of microglia decreased, TUNEL-positive microglia were consistently found in the affected thalamic nuclei (Fig. 4P) . As in the cortex, no TUNEL-positive astrocytes were found.
DISCUSSION
As a result of the cortical HL ablation, neuronal degeneration was induced in cortical areas surrounding the lesion. As in other lesion models (Nitatori et al., 1995; Snider et al., 1999) , the immediate primary death of cortical cells (attributable directly to the lesion itself) was followed by a delayed neuronal degeneration (secondary neuronal death, presumably linked to the deleterious effects of the inflammatory reaction) during the first 2 postlesion weeks in the tissue surrounding the lesion (FL, rostrally; Oc2M and Oc2L, caudally; Fr1, medially; and Par1, laterally). The loss of cortical cells as well as axotomy of projections also lead to retrograde and/or anterograde neuronal degeneration in the ipsilateral thalamic nuclei. Based on anatomic studies (Wise and Jones, 1977; Faull and Mehler, 1985; Zilles and Wree, 1985) , VPL and Po are bidirectionally connected to HL and FL and thus may be affected by both retrograde and anterograde degeneration; LD and LP by retrograde degeneration as they project to Oc2M and Oc2L; and ZI, Rt, VPM, and CL by anterograde degeneration of corticothalamic projections from HL and FL. The retrograde degeneration of specific relay neurons in the thalamus, particularly in the dorsal third of Po, the lateral half of VPL, and the ventroposterior region of LD, was shown by the appearance of TUNEL-positive cells in these areas. This correlates well with the distribution of thalamocortical projections as cells retrogradely labeled after injections of tracers in HL (Wise and Jones, 1977) or in the caudal FL (Wang and Kurata, 1998) are found in the dorsal part of Po and the lateral part of VPL, whereas neurons in the ventroposterior part of LD project to the damaged occipital area adjacent to HL (van Groen and Wyss, 1992; Shibata, 1996) . No dying neurons were observed in nuclei receiving, but not sending, cortical projections, in agreement with the observation that deafferented neurons are able to survive in a number of models (Matthews et al., 1976; Zimmer et al., 1982) . As the survival of deafferented neurons is related to the possibility to receive alternative synaptic contacts, the increase in AChE staining we observed in nuclei showing loss of cortical projections could represent sprouting of cholinergic projections from the brainstem (Paxinos and Butcher, 1985; McCormick, 1992) . In contrast, the severe reduction/loss of AChE staining in the nuclei affected by retrograde degeneration is consistent with the virtual absence of target neurons in these nuclei.
PROLIFERATIVE ORIGIN AND FATE OF MICROGLIA
Cells from the microglia/macrophage lineage reacted and accumulated in the cortical tissue surrounding the lesion cavity as well as in some thalamic nuclei. However, the microglia/macrophage response was not homogeneous. Following invasive/traumatic injury in the cortex, the microglia/macrophage response involved both intrinsic and monocyte-derived cells. In contrast, in the noninvasive thalamic injury, no signs of leukocyte margination, diapedesis or perivascular infiltrates were found, in accordance with previous studies indicating that activation of intrinsic microglia occurs without apparent/significant monocyte entrance in areas distal to primary lesions Streit and Kreutzberg, 1988; Milligan et al., 1991; Riva-Depaty et al., 1994; Castaño et al., 1996) . In addition, the microglia/macrophage response occurred earlier and was more intense in the cortex than in the thalamus and, within the thalamus, the response was more intense in nuclei undergoing retrograde degeneration than in nuclei undergoing anterograde degeneration. An additional finding was that reactive microglia formed clusters in thalamic nuclei undergoing retrograde degeneration, but not in nuclei exclusively undergoing anterograde degeneration. Cells resembling the multinucleated phagocytes described in previous studies (Leskovar et al., 2001) were also occasionally found in these nuclei. These clusters most likely correspond to foci of proliferating microglial cells as cluster cells regularly expressed PCNA, and their presence has been interpreted as a synergistic effort by microglia to remove neuronal debris (Sørensen et al., 1996; Streit and Kreutzberg, 1988) . On this basis, degenerating axon terminals may represent an insufficient phagocytic stimulus, thus explaining the absence of such clusters in areas suffering anterograde degeneration. In the cortex, although degenerating cells were abundant, the presence of additional phagocytes coming from extravasated monocytes may restrain the need for microglial cluster formation. Taken together, our results reinforce the view that the microglia/macrophage response is heterogeneous and largely depends on the type and severity of the lesion.
The presence of degenerating cells and cell debris is recognized as a primary stimulus for triggering the activation and proliferation of microglia/macrophages. In turn, this response may exacerbate the degeneration process since microglia/macrophages are the main source of cytokines in the CNS (Giulian, 1993; Banati et al., 1993; Minghetti and Levi, 1998; Liu et al., 2000) . Microglial activation and subsequent release of cytokines and inflammatory mediators have been implicated in secondary neuronal death and progression of neurodegeneration in vivo (Lees, 1993; Giulian and Vaca, 1993; Popovich et al., 1999; Streit et al., 1999; Yamashita et al., 2000; Acarin et al., 2001; Allan and Rothwell, 2001 ), and may be therefore responsible for the delayed neuronal loss we observed. Nevertheless, the net balance of the microglia/macrophage response will be both harmful and beneficial. Microglia/macrophages play a role in tissue remodeling following injury by removing debris. Activated microglia/macrophages also promote tissue repair by secreting growth factors that elicit astrogliosis and neovascularization (Giulian et al., 1989) . Astrogliosis is a hallmark of wound healing, since astrocytes are the main source of neuroprotective/neurotrophic compounds in the CNS (Martin, 1992; Ridet et al., 1997; Yoshida and Toya, 1997) , while neovascularization is fundamental to re-establish blood supply and reduce secondary anoxic/hypoxic damage. Finally, there is increasing evidence about a neurotrophic/neuroprotective action of microglia/macrophages (Elkabes et al., 1996; Zietlow et al., 1999; Rabchevsky and Streit, 1997; Chamak et al., 1994; Prewitt et al., 1997; Suzuki et al., 2001; Polazzi et al., 2001) . On this basis, therapeutic strategies directed to reducing secondary neuronal damage should be preferably designed not to reduce the microglia/macrophage reaction per se but rather to specifically inhibit the detrimental activities of reactive microglia/macrophages.
PCNA is an auxiliary protein of DNA polymerase delta (Mathews et al., 1984; Bravo et al., 1987) , whose expression is necessary for DNA synthesis (Jaskulski et al., 1988) . PCNA synthesis begins in the G 1 phase of the cell cycle, peaks during the S phase, and decreases during G 2 , being virtually absent in M phase and undetectable in quiescent G 0 cells (Bravo et al., 1987; Takahashi and Caviness, 1993; Kurki et al., 1988) . Therefore, when compared with other standard methods of assessing proliferation, the use of anti-PCNA antibodies allows the detection of a wide fraction of proliferating cells (from G 1 to G 2 /M), whereas tritiated thymidine labeling and the immunocytochemical method using bromodeoxyuridine are currently methods for only detecting S-phase cells (Takahashi and Caviness, 1993; Lohr et al., 1995) .
Most microglia already expressed PCNA at 12 h in the lesioned cortex and PCNA-positive microglia in the thalamus first appeared at 24 h. PCNA expression by microglia preceded: (1) morphological signs of microglial activation; (2) monocyte entrance in the cortex; and (3) the onset of neuronal damage, as shown by the TUNEL method. Thus, it is clear that expression of PCNA by microglia occurs at a very early stage, in agreement with the observation that PCNA is synthesized within hours after proliferative stimuli (Lohr et al., 1995) . In addition, the expression of PCNA by microglia/macrophages persisted up to 30 days and matched the heterogeneity of the microglia/macrophage response: it was earlier and more intense in the cortex than in the thalamus, and within the thalamus, it was more intense and persisted longer in nu-VELA ET AL.
clei undergoing retrograde degeneration than in those affected by anterograde degeneration. Del Río-Hortega (1932) first suggested that dead cells and cell debris are among the most potent signals to elicit reactive microgliosis. It is now known that not only early signals from damaged cells but also specific soluble proteins acting as microglial mitogens, including certain classes of colony-stimulating factors (Raivich et al., 1994; Kalla et al., 2001) , regulate microglial proliferation in the injured brain. This may explain both the early and sustained proliferation of microglia when direct trauma-induced stimuli had decreased or disappeared. Interestingly, not only process-bearing microglia but also hematogenous monocytes (even some that still had not fully extravasated), ameboid cells and macrophages expressed PCNA. The temporospatial pattern of PCNA expression was highly specific for each cell type and related to their active phase of response: in the cortex, intrinsic process-bearing microglia expressed PCNA mostly at early times, before monocyte extravasation; ameboid cells did it from the 2nd to the 7th day, before their transformation into fullblown macrophages; and, at a late phase, when the reduction in microglia/macrophage numbers occurs, the majority of cells became PCNA-negative. Accordingly, we conclude that (1) PCNA expression is an early event in the microglia/macrophage response; (2) PCNA is expressed in both invasive/traumatic and non-invasive/distal anterograde and retrograde neurodegenerative reactions; and (3) it is expressed during a long period of time (up to 30 days), following a temporospatial pattern that matches the evolution of the microglia/macrophage response.
It is known that some cells may become activated and enter the cell cycle but rest quiescent in G 1 since some factors are required for progression from G 1 to S (Avanzi et al., 1991; Gadbois et al., 1995) . As G 1 arrested cells express PCNA (Gadbois et al., 1995; Zölzer et al., 1994) , this may generate the appearance of PCNA immunoreactive cells without producing an increase in the number of S-phase cells (McCormick and Hall, 1992) . In the present study, proliferation of microglia/macrophages has been established by both expression of PCNA and actual increases in cell numbers, but we can not discard the possibility that some activated microglia/macrophages could enter the cell cycle and express PCNA without undergoing cell division. In particular, the presence of PCNApositive microglia/macrophages was not followed by a subsequent increase in cell numbers at a late phase, when the microglia/macrophage density declined in cortex and thalamus (Fig. 5) . This may indicate PCNA expression by non-proliferating cells, but by these times elimination of microglia/macrophages also occurs and likely counteracts the effect of proliferation in terms of number of cells. With respect to astrocytes, we have previously said that expression of PCNA by reactive astrocytes is not always accompanied by an increase in astrocyte numbers (Vela Hernandez et al., 1997) . Here we show that astrocytes express PCNA and that expression of PCNA by astrocytes is delayed respect to microglia/macrophages both in the cortex and thalamus. Although no quantification of astroglial density has been done in the present work, an increase in the number of astrocytes was apparent in the cortex but not in the thalamus, where PCNA expression by reactive astrocytes occurred along with no perceptible generation of new cells. This agrees with the statement that astroglial hypertrophy but not hyperplasia takes place in non-invasive CNS lesions Bignami and Dahl, 1995) .
It is known that microglia/macrophages become activated and accumulate in the damaged brain, but what terminates the microglial reaction? The fate of microglia/ macrophages following disease and injury is poorly known. The possible mechanisms for elimination of microglia/macrophages may include migration of cells away from the lesion (Giulian et al., 1989; Angelov et al., 1995) and cell death (Gehrmann and Banati, 1995; DihnÈ et al., 2001 ). The present study indicates that the mechanism for elimination of microglia/macrophages depends on the nature of the lesion. In the lesioned cortex, reactive process-bearing cells were found at certain distance from the lesion cavity, whereas ameboid cells were transiently found bordering the lesion cavity (2-7 days), and then they migrated to the connective tissue within the lesion. This was shown by a rapid accumulation of ameboid cells/macrophages filled with lipid droplets within the lesion cavity, that paralleled the reduction in cell numbers in the brain tissue bordering the lesion and was not explainable in terms of proliferation (largely exceeds the possibilities of proliferation; Fig. 5 ). By 14-21 days, the macrophages carrying phagocytosed material progressively disappeared from the subarachnoid spaces within the lesion and meninges, but no TUNEL-positive macrophages were found at these locations. In contrast, by these times, some TUNEL-positive process-bearing microglia were found in the lesion border. As a result of macrophage emigration from the lesion cavity and degeneration of ramified cells in the lesion border, by 30 days, the interior of the lesion was occupied by a wide subarachnoid space essentially devoid of macrophages and normal numbers of microglia were found in the lesion border. On this basis, it is strongly suggested that following the invasive lesion, most cells transform into macrophages that emigrate to the connective tissue within the lesion cavity and adjacent meninges, while some process-bearing cells located at the periphery of the lesion site degenerate in situ. Regarding termination of mi-PROLIFERATIVE ORIGIN AND FATE OF MICROGLIA FIG. 7 . Scheme summarizing the morphology, distribution, time course of proliferation and presumed fate of microglia/ macrophages in the lesioned cortex and affected thalamus. Following invasive injury in the cortex, activation of intrinsic microglia (from 12 h post-lesion) was accompanied by monocyte entrance (from the 2nd post-lesion day) through blood vessels located in the brain tissue bordering the lesion and meninges. Proliferation was prominent (in spite of monocyte entry) and sustained (from 12 h to 30 days), following a temporospatial pattern specific for each microglia/macrophage phenotype. Most cells transform into ameboid cells that were transiently found in the peripheral margin of the lesion (2-7 days), then they progressively accumulated as fully developed macrophages in the connective tissue within the lesion (3-14 days) and finally migrated out through meningeal subarachnoid cavities (14-30 days). Cells remaining in the brain tissue were reactive process-bearing cells and some of them have undergone degeneration by 14-21 days post-lesion. In contrast to the cortex, reactive cells in the thalamus came from activated endogenous microglia, without a contribution from recruited monocytes. Reactive microglia aggregate to form clusters in thalamic nuclei undergoing retrograde degeneration. Proliferating microglia were first observed at 2 days postlesion and were still present after 30 days. By 14-30 days, when the number of microglia decreased, degenerating microglial cells were frequently found.
croglial reaction in the thalamus, the consistent finding in the present study of double TUNEL/tomato lectin labeled cells from 14 to 30 days post-lesion, when the number of microglia decreased, strongly suggests a delayed degeneration of microglia in distal, non-invasively injured areas. TUNEL staining indicates DNA breaks and it has been associated with apoptotic cell death (Gavrieli et al., 1992) . However, necrosis can sometimes result in positive TUNEL staining. In the present study we were unable to detect other classic morphological signs of apoptosis, like apoptotic bodies, in relation to TUNELpositive microglia, in accordance with studies reporting unconventional microglial TUNEL staining and suggesting that the death of microglia is not mediated by the classic pathway of apoptosis (Jones et al., 1997) . Withdrawal of mitogenic factors, particularly granulocytemacrophage colony stimulating factor, have been implicated in microglial death (Jones et al., 1997) .
In sum, this study shows that aspects related not only to the origin but also to the fate of microglia/macrophages depend on the nature of the lesion. The morphology, distribution, time course of proliferation, and presumed fate of microglia/macrophages in the lesioned cortex and affected thalamus are summarized in Figure 7 . Proliferation of microglia/macrophages occurs in both the invasive cortical injury (in spite of monocyte entry) and the distally affected thalamic nuclei. In the lesioned cortex, activation and proliferation of intrinsic microglia occurred from 12 h post-lesion and was accompanied, from the 2nd post-lesion day, by monocyte entrance and proliferation of monocyte-derived cells. In contrast, accumulation of reactive cells in the thalamus resulted from activation and proliferation (from the 2nd post-lesion day) of endogenous microglia, without contribution of recruited monocytes. The different microglia/macrophage morphologies found in the cortex and thalamus proliferated in a specific temporospatial pattern. Proliferation was an early event in the microglia/macrophage response (from 12 h in the cortex and from 2 days post-lesion in the thalamus) but persisted during a long period (up to 30 days), suggesting that proliferation of microglia/ macrophages accounts not only for promoting acute increases in microglia/macrophages at the early degenerative phase but also for maintaining appropriate numbers of microglia/macrophages during late wound healing processes. In terms of the microglia/macrophages removal, we have shown that, following the invasive lesion, most cells transform into ameboid cells/macrophages that transiently accumulate within the lesion and finally emigrate to the meningeal connective tissue, while only some process-bearing cells remaining in the brain tissue bordering the lesion undergo cell death. In contrast, in distal non-invasively injured areas, cell death is responsible for terminating the microglial reactions. Accordingly, migration of cells away from the lesion and cell death are not mutually exclusive mechanisms for the elimination of microglia/macrophages and, in spite of lesion-type specificities, both mechanisms play a role in restricting the microglia/macrophage reactions following CNS lesions.
